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Abstract:  The  angle  between  helical  windings  of  microfibrils  in  the  secondary  cell  wall  of  fibers  and  the  long  axis  is 
called  microfibril  angle  (MFA).  Stiffness  of  wood  depends  on  variations  in  the  MFA.  The  large  MFA  shows  low  stiffness, 
which  is  found  in  juvenile  wood  and  this  character  make  threes  vulnerable  to  high  winds  breaking.  Timber  containing  a 
high  proportion  of  juvenile  wood  is  unsuitable  for  use  as  high-grade  structural  timber.  On  the  other  hand,  the  small  MFA  in 
wood  shows  high  stiffness,  which  has  importance  in  a good  view  of  the  trend  in  forestry.  The  timber  with  high  stiffness  is 
commonly  high  economic  value.  They  are  grown  mainly  for  construction,  timber  and  furniture.  Until  date,  it  is  under 
pressure  for  increased  timber  production  means  that  ways  will  be  sought  to  improve  the  quality  of  timber  by  reducing  MFA. 
Commonly,  MFA  decrease  during  the  formation  of  tension  wood  therefore  study  on  tension  wood  related  to  MFA 
formation  is  important  for  MFA  reduction  in  normal  wood.  The  study  on  tension  wood  formation  could  predict  expression 
patterns  of  genes/proteins  for  reduction  of  MFA.  Herein,  the  orientation  of  microfibril  and  MFA  in  cell  wall  layers  of 
normal  and  tension  wood  fiber  are  discussed. 
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1.  Introduction 

Wood  is  one  of  the  most  important  natural  product,  is  a 
renewable  source  of  energy.  Therefore,  it  has  a major  role  as 
an  environmentally  cost-effective  alternative  to  burning 
fossils  fuels  in  future.  The  wood  also  plays  a major  role  in 
the  provision  of  energy-sufficient  material  for  our  buildings 
and  many  other  daily  products.  During  wood  cells  formation, 
trees  sink  huge  atmospheric  C02  as  a result  tree  growth 
occurrence,  thereby  reducing  C02  which  one  of  the  major 
contributors  to  decline  global  warming.  When  a tree  grows 
vertically,  redial  growth  showed  similar  in  the  all  sides  of 
stems,  in  which  normal  wood  is  formed.  In  contrast,  a 
non-vertical  orientated  stems  or  branches  showed  dissimilar 
redial  growth  in  upper  and  lower  side  and  showed  defective 
wood  growth  incremented  portion.  This  type  of  wood  is 
formed  for  tree  bending,  which  is  caused  by  prevailing 
winds,  snow,  slope,  or  asymmetric  crown  shape,  is  known  as 
reaction  wood.  The  combined  result  of  reaction  wood  cells  is 
to  “push”  the  tree  upright  in  the  case  of  conifers,  and  to 
“pull”  the  tree  to  a vertical  position  in  hardwoods  [1,2], 
which  aims  to  re-orient  a leaning  stem  or  branch,  so  as  to 
enable  the  tree  find  a more  favorable  position  [2]. 

In  hardwood  species,  reaction  wood  is  called  tension 


wood  as  it  tends  to  form  in  zones  of  the  tree  held  in  tension 
e.g.  the  upper  side  of  a leaning  stem.  In  tension  wood,  the 
overall  lignin  content  is  lower,  the  cellulose  content  is  higher 
and  microfibril  angle  (MFA)  is  lower  than  corresponding 
normal  wood.  An  extra  layer  exists  in  the  innermost  position, 
called  the  gelatinous,  or  G-layer.  The  G-layer  is  almost 
entirely  made  up  of  cellulose,  with  an  almost  vertical  MF 
angle.  During  maturation,  G-layer  shrinks  strongly  in  the 
longitudinal  direction,  thereby  creating  a very  strong  state  of 
tensile  stress  in  the  cell.  The  variation  of  tensile  stress  in 
wood  properties  is  reflected  by  the  coexistence  of  these 
several  different  types  of  wood  within  a single  tree.  The 
wood  variation  by  normal  and  tension  provides  a unique 
opportunity  to  dissect  the  molecular  and  biochemical 
mechanisms  in  hardwood  underlying  such  differences. 

The  term  MFA  in  wood  science  refers  to  the  angle 
between  the  direction  of  the  helical  windings  of 
microfibrils  in  the  secondary  cell  wall  of  fibers  and 
tracheids,  and  the  long  axis  of  cell.  Differences  in  MFA 
have  a profound  effect  on  the  properties  of  wood,  in 
particular  its  stiffness.  The  large  MFA  in  juvenile  wood 
confers  low  stiffness  and  gives  the  sapling  the  flexibility,  it 
needs  to  survive  high  winds  without  breaking.  It  also  means, 
however,  that  timber  containing  a high  quantity  of  juvenile 
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wood  is  unsuitable  for  use  as  high-grade  structural  timber. 
This  fact  has  taken  on  increasing  importance  in  view  of  the 
trend  in  forestry  towards  short  rotation  cropping  of  fast 
grown  species.  These  trees  at  harvest  may  contain  50%  or 
more  of  timber  with  low  stiffness  and  therefore,  low 
economic  value.  Although  they  are  presently  grown  mainly 
for  pulp,  pressure  for  increased  timber  production  means 
that  ways  will  be  sought  to  improve  the  quality  of  their 
timber  by  reducing  juvenile  wood  MFA.  In  general,  MFA 
decrease  during  the  formation  of  tension  wood  therefore  it 
is  stated  that  tension  wood  has  a high  stiffness.  But  low 
content  lignin  and  shorter  length  of  fiber  exist  in  tension 
portion  and  occur  different  growth  stress  between  normal 
wood  and  tension  wood,  which  results  low  economic 
valued  wood  production.  The  study  on  tension  wood 
formation  could  provide  the  understanding  process  of 
reduction  of  MFA  in  normal  wood  formation  and 
predictable  natural  variations  in  the  expression  patterns  of 
genes/proteins. 

The  mechanism  by  which  the  orientation  of  microfibril 
deposition  is  still  a matter  of  advanced  research  on  wood 
and  the  application  of  molecular  techniques  is  likely  to 
enable  modification  in  the  orientation  of  microfibril 
deposition.  In  this  review,  we  discus  about  the  orientation 
of  microfibril  and  MFA  in  cell  wall  layers  of  normal  and 
tension  wood  fiber.  The  purpose  of  this  review  is  to 
examine  what  is  known  about  an  aspect  of  fiber  cell  wall 
structure  for  tension  wood  which  has  recently  taken  on 
major  importance  in  the  minds  of  tree  improvers  and  timber 
users. 

2.  Cell  Wall  Layers,  Microfibril  Angle 
and  Microfibril  Orientation  in  Fiber 
Cells  of  Normal  Wood 

The  plant  cell  wall  is  composed  of  several  layers  that  are 
fabricated  at  different  periods  during  cell  differentiation. 
The  first  layer  to  be  developed  after  cell  division  is  called  the 
middle  lamella,  which  is  found  between  the  wood  cells,  and 
ensures  the  adhesion  of  a cell  with  its  neighbors.  The  middle 
lamella  is  only  0.5  to  1.5  pm  thick  and  is  made  up  ofpectic 
substances  to  which  lignin  may  be  added  during  the 
differentiation  period  (Fig.  1).  At  the  beginning  of  cell 
differentiation,  the  primary  cell  wall  forms.  This  primary 
wall  is  highly  elastic  layer,  is  attached  to  the  middle  lamella 
and  is  approximately  0.1  pm  thick  (Fig.  1).  The  primary  cell 
wall  is  made  up  of  several  layers  of  microfibrils,  which  are 
arranged  randomly  within  this  wall.  Pectic  substances,  lignin, 
and  hemicelluloses  can  be  found  between  these  microfibrils. 
As  the  developing  cell  reaches  its  definitive  size,  a new  layer 
is  formed  inside  the  primary  cell  wall,  which  is  the  most 
important  layer  for  the  cell,  in  terms  of  mechanical  strength. 
This  new  secondary  cell  wall  is  divided  into  three  different 
layers,  SI,  S2,  and  S3  (Fig.  1)  [2].  Each  of  these  layers  is 
composed  of  cellulose  microfibrils,  aligned  in  an  ordered, 
parallel  arrangement,  which  differs  from  S layer  to  S layer. 


Flemicelluloses  and  lignin  are  also  present  in  each  of  these 
layers.  These  three  S layers  can  be  modified  during  cell 
maturation,  which  lasts  for  several  days  after  the  birth  of  the 
wood  cell,  e.g.  the  amount  of  lignin  and  cellulose  laid  down 
in  the  secondary  cell  wall  may  be  influenced  by  abiotic 
factors  such  as  mechanical  stress,  i.e.  wind  and  stem  lean. 
The  SI  layer  is  the  thinnest  of  the  S layers,  being  only  0. 1 to 
0.35  pm  thick,  and  representing  just  5%  to  10%  of  the  total 
thickness  of  the  cell  wall.  This  layer  is  considered  as  an 
intermediate  between  the  primary  cell  wall  and  the  S2  layers. 
The  MFA  in  S2  layer  with  regard  to  the  cell  axis  is  60°  to  80°. 
The  S2  layer  is  the  thickest  layer  in  the  secondary  cell  wall, 
and  is  the  most  important,  with  regard  to  mechanical  support. 
The  thickness  of  the  S2  layer  varies  between  1 and  10  pm, 
and  accounts  for  75%  to  85%  of  the  total  thickness  of  the  cell 
wall.  The  MFA  in  this  layer  is  5°  to  30°  to  the  cell  axis,  and 
can  be  even  higher,  depending  on  external  mechanical  stress. 
The  angle  of  the  cellulose  microfibrils  in  the  S2  layer  can 
influence  greatly  the  physical  and  mechanical  properties  of 
the  cell  and  even  stem  wood  as  a whole  (Fig.  2A,  3A).  As  the 
MFA  increases,  with  regard  to  the  cell  axis,  wood  becomes 
less  rigid,  and  the  longitudinal  modulus  of  elasticity 
decreases,  as  in  the  case  of  juvenile  and  compression  wood. 
The  innermost  layer  of  the  secondary  cell  wall,  the  S3  layer, 
is  relatively  thin,  being  only  0.5  to  1.10  pm  thick.  The 
microfibrils  are  ordered  in  a parallel  arrangement,  but  less 
strictly  than  in  the  S2  layer,  and  the  MFA  is  60°  to  90°  with 
regard  to  the  cell  axis. 
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Fig.  1.  Diagrammatic  figure  of  cell  wall  layers  in  normal  wood  fibers. 


The  microfibrils  in  the  SI,  S2  and  S3  layers  of  fibre 
walls  are  organised  into  lamellae  in  which  their 
predominant  orientations  are  as  predicted  by  [3],  although 
there  is  slight  variation  from  lamella  to  lamella  within  a 
layer  [4].  Both  the  SI  [4,5]  and  the  S3  [6]  have 
occasionally  been  demonstrated  to  have  lamellae  in  which 
the  microfibrils  may  be  oriented  in  helices  of  opposite  sign 
(so-called  S and  Z helices)  (Fig.  2A,  3A).  The  S2  layer, 
however,  has  microfibrils  in  a right-handed  or  Z helix  only. 


3.  Mechanism  of  Orientation  of 
Microfibrils  Deposition  in  Tension 
Wood  Fiber 

Wood  cells  are  differentiated  with  the  cambial  activities  at 
the  periphery  of  the  stem.  The  formation  of  the  secondary 
wall  occurs  at  the  end  of  cell  elongation  by  the  deposition  of 
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successive  layers  made  of  cellulose  microfibrils  bounded  by 
an  amorphous  polymeric  matrix.  A specific  chemical 
composition  and  a particular  orientation  of  the  microfibrils 
relative  to  the  cell  axis  have  found  in  each  layer  [7]. 
Microfibrils  are  made  of  crystalline  cellulose  and  are  by  far 
the  stiffest  constituent  of  the  cell  wall.  The  MFA  in  each 
layer  is  determinant  for  cell  wall  architecture  and  wood 
mechanical  properties. 

A mechanical  stress  of  a large  magnitude,  known  as 
“growth  stress”  [1,8],  occurs  in  the  cell  walls  during  the 
formation  of  wood  cells.  This  stress  fulfills  essential 
biomechanical  functions  for  the  tree.  It  compensates  for  the 
comparatively  low  compressive  strength  of  wood  and  thus 
improves  the  stem  resistance  against  bending  loads.  It  also 
provides  the  tree  with  a motor  system  [9],  necessary  to 
maintain  the  stem  at  a constant  angle  during  growth  [10]  or 
to  achieve  adaptive  reorientations.  In  angiosperms,  a large 
tensile  growth  stress  is  generated  by  a specialized  tissue 
called  “tension  wood”.  This  type  of  reaction  cell  is  common 
in  plant  organs  whose  function  involves  the  bending  or 
contraction  of  axes,  such  as  tendrils,  twining  vines  [11]. 

The  mechanism  at  the  origin  of  tensile  growth  stress  has 
not  been  fully  understood.  However,  several  reports  have 
greatly  improved  the  knowledge  about  the  ultrastructure, 
chemical  composition,  molecular  activity,  mechanical  state, 
and  behavior  of  tension  wood.  Different  models  have  been 


proposed  and  discussed  to  explain  the  origin  of  maturation 
stress  [12-23].  The  specific  organization  of  the  G-layer 
suggests  a tensile  force  induced  in  the  microfibrils  during 
the  maturation  process.  Different  hypotheses  have  been 
proposed  to  explain  this  mechanism,  such  as  the  contraction 
of  amorphous  zones  within  the  cellulose  micro  fibrils  [18], 
the  action  of  xyloglucans  during  the  formation  of  microfibril 
aggregates  [23,24],  and  the  effect  of  changes  in  moisture 
content  stimulated  by  pectin-like  substances  [21,22]  argued 
an  alternative  model,  initially  proposed  by  [25],  which 
proposed  that  the  maturation  stress  originates  in  the  swelling 
of  the  G-layer  during  cell  maturation  and  is  transmitted  to 
the  adjacent  secondary  layers,  where  the  larger  MFAs  allow 
an  efficient  conversion  of  lateral  stress  into  axial  tensile 
stress.  Although  the  proposed  mechanism  is  not  consistent 
with  the  known  hygroscopic  behavior  of  tension  wood, 
which  shrinks  when  it  dries  and  not  when  it  takes  up  water 
[26-28],  this  hypothesis  focused  attention  on  the  possible 
role  of  cell  wall  layers  other  than  the  G-layer.  As  a matter  of 
fact,  many  types  of  wood  fibers  lacking  a G-layer  are  known 
to  produce  axial  tensile  stress,  such  as  normal  wood  of 
angiosperms  and  conifers  [1]  and  the  tension  wood  of  many 
tropical  species  [29-31],  so  that  mechanisms  strictly  based 
on  an  action  of  the  G-layer  cannot  provide  a general 
explanation  for  the  origin  of  tensile  maturation  stress  in 
wood. 


Fig.  2.  Diagrammatic  figure  of  secondary  cell  wall  layer  of  wood  fiber  showing  microfibrils  arrangements  in  SI,  S2  and  S3  layers.  A)  Normal  wood  fiber: 
microfibril  angles  with  fiber  axis  in  SI,  S2  and  S3  layers.  B)  Tension  wood fiber:  microfibril  angles  with  fiber  axis  in  SI,  S2  and  G layers.  Microfibril  angles 
in  S2  layer  reduce  and  microfibril  arranged  parallel  with  fiber  axis. 


Fig.  3.  Radial  section  of  normal  and  tension  woods  showing  microfibril  angle  with  fiber  axis  in  the  S2  layer  of fiber.  Redial  section  of  normal  wood  (A)  and 
tension  wood  (B).  Arrows  indicate  the  microfibrils  in  S2  layer. 
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4.  Micro  fibril  Angle  in  Tension  Wood 
Fiber 

The  microfibril  angle  (MFA)  is  the  angle  between  the 
direction  of  the  helical  windings  of  cellulose  microfibrils  in 
the  secondary  cell  wall  of  fibers  and  tracheids  and  the  long 
axis  of  cell.  Technologically,  it  is  usually  applied  to  the 
orientation  of  cellulose  microfibrils  in  the  S2  layer  that 
makes  up  the  greatest  proportion  of  the  wall  thickness,  since 
it  is  this  which  most  affects  the  physical  properties  of  wood. 
Both  the  SI  [4,5]  and  the  S3  [6]  have  occasionally  been 
demonstrated  to  have  lamellae  in  which  the  microfibrils  may 
be  oriented  in  helices  of  opposite  sign  (so-called  S and  Z 
helices).  The  S2  layer,  however,  has  microfibrils  in  a 
right-handed  or  Z helix  only  [32].  Usually,  MFA  of  S2  layer 
in  wood  fiber  can  decrease  or  no  change  accompanying  with 
the  differentiation  of  reaction  wood  fibers. 

It  is  widely  known  that  microfibrils  of  G-layers  orient 
nearly  parallel  to  the  longitudinal  axis  of  cells  (Fig.  2B,  3B) 
[33-38].  In  some  species  having  no  G-layer  in  reaction  wood, 
it  has  been  reported  that  microfibril  angle  of  S2  layer 
decreased  [15,  39-42]  reported  that  the  microfibril  angle  of 
S2  layer  was  very  small  (5  to  10  degrees)  in  reaction  wood  of 
Magnolia  acuminate  and  Liriodendron  tulipifera.  In 
Magnolia  obovata  and  M.  kobus,  the  innermost  surface  of 
S2  layer  of  fiber  tracheid  wall  also  showed  a small 
micro  fibril  angle  [41].  Micro  fibril  angle  of  S2  layer  in  wood 
fiber  may  not  always  decrease  by  the  reaction  wood 
formation  in  some  species  having  S3  layer  and  lacking 
G-layer,  or  efficient  tensile  stress  so  as  to  make  the 
microfibril  angle  small  in  other  sample  trees  used  here  may 
have  not  been  generated.  More  detailed  investigation  is  still 
needed  to  clarify  the  changes  of  microfibril  angle  in  the  S2 
layer  for  many  other  species  with  three-layered  secondary 
wall  without  G-layer.  It  is  well  known  that  microfibril  angle 
in  wood  fiber  gradually  changes  from  secondary  wall  to 
G-layers  [34,36,37].  In  Fraxinus  mandshurica,  the 
microfibril  changed  its  orientation  angle  progressively,  with 
clockwise  rotation,  from  the  S-helix  until  it  was  oriented 
approximately  parallel  to  the  fiber  axis  [37].  Araki  et  al.  [36] 
reported  that  the  microfibril  orientation  in  transition  layer 
gradually  changed  to  a parallel  orientation  to  the  cell  axis  in 
some  species  of  tension  wood  fibers  forming  SI  + S2  + G or 
SI  + G.  On  the  other  hand,  in  reaction  wood  fiber  without 
G-layer  and  S3  layer  as  in  Osmanthus  fragrans,  microfibril 
angle  of  S2  layer  gradually  decreased  from  about  30  to  about 
15  degrees  from  the  early  stage  toward  the  later  stage  of  S2 
layer  formation  [43]. 

To  maintain  or  recover  the  position  of  stems  or  branches 
to  appropriate  orientation,  high  tensile  stress  in  longitudinal 
direction  was  often  generated  on  the  upper  sides  of  inclined 
stems  or  branches  [29,44-49].  A relationship  between 
growth  stress  and  microfibril  angle  of  secondary  wall  in 
wood  fibers  has  been  reported  in  reaction  wood  in 


angiosperms:  the  microfibril  angle  was  smaller  in  the  S2 
layers  of  reaction  wood  fibers  compared  to  that  of  opposite 
wood  fibers  ([15,  40-42,50].  Okuyama  et  al.  [15]  suggested 
that  microfibril  angle  is  an  important  factor  in  the  generation 
of  growth  stress  in  tension  wood.  In  addition,  it  was  reported 
that  tensile  growth  stress  significantly  increased  in  reaction 
wood  of  two  Magnolia  species,  resulting  in  decrease  of  the 
microfibril  angle  of  S2  layer  and  increase  of  the  a-cellulose 
content  [15].  Sultana  et  al.  [51]  reported  that  only  two 
species  showed  the  smaller  microfibril  angles  in  the  S2 
layers  of  reaction  wood  fibers  compared  to  the  opposite 
wood  fibers.  Flowever,  no  significant,  but  relatively  high 
negative  correlation  was  found  between  decrease  rate  of 
microfibril  angle  and  growth  eccentricity  rate.  It  is 
considered  that  tensile  stress  generated  on  the  upper  side  of 
leaning  branches  makes  the  microfibril  angle  small.  Thus,  in 
some  angiosperm  trees  having  neither  S3  layers  nor  G-layers 
in  reaction  wood  fibers,  the  lower  microfibril  angle  of  S2 
layer  in  wood  fiber  may  be  related  to  the  high  tensile  growth 
stress  generated  on  the  upper  side  of  inclined  stems  or 
branches.  These  high  tensile  growth  stresses  may  contribute 
to  in  maintaining  the  appropriate  angle  of  stems  or  branches. 

5.  Conclusions 

Stiffness  carries  wood  quality  and  it  depends  on 
variations  of  the  microfibril  angle  (MFA).  The  low  MFA 
shows  high  stiffness  and  it  is  suitable  for  using  as 
high-grade  structural  timber.  It  is  current  view  for  timber 
researchers  that  reducing  MFA  in  juvenile  wood  of  short 
rotation  cropping  of  fast  grown  species  to  reduce  pressure 
for  increased  timber  production.  In  general,  MFA  decrease 
during  the  formation  of  tension  wood  therefore  strategies 
on  MFA  reducing  possible  to  discover  by  studying  tension 
wood.  The  present  overview  is  illustrated  the  MFA 
orientation  in  tension  wood  fiber  and  changes  in  respective 
to  cell  wall  layers  of  normal  are  discussed. 
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